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Site-controlled InAs quantum dots regrown on nonlithographically
patterned GaAs
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In this letter, a nonlithographic method for fabrication of high-quality site-controlled InAs quantum
dots on GaAs is explored. The self-organized pores in nanochannel alumina sNCAd are used to
define the nucleation sites of the site-controlled quantum dots. The pattern from the NCA is
transferred to the GaAs substrate by electrochemical etching. The first layer of regrown InAs dots
preferentially locate at the bottom of the etch pits on the GaAs substrate. Furthermore,
cross-sectional transmission electron microscopy shows that when multiple layers of InAs dots are
regrown, the dots will exhibit vertical alignment. To show the excellent optical quality of the
regrown quantum dots, photoluminescence spectra are studied; room-temperature photo-
luminescence from the regrown dots is achieved.
© 2005 American Institute of Physics. fDOI: 10.1063/1.1900942g
There has been growing interest recently in the fabrica-
tion of arrays of semiconductor quantum dots formed mono-
lithically on semiconductor substrates. Semiconductor quan-
tum dots have unique properties based on, for example,
quantum-size effects that cannot be replicated using bulk
semiconductor materials. Improvements to a variety of tradi-
tional electrical1,2 and electro-optical3 devices have been pro-
posed by the inclusion of quantum dots sQDsd. The most
widely used approach for the fabrication of dense arrays of
QDs is epitaxial growth in the Stranski-Krastanow growth
mode, especially in the InAs-on-GaAs material system.4,5
This approach yields dense arrays of self-assembled QDs of
high optical quality, and has been used to demonstrate QD
lasers and other optical devices.6–8 The limitations of this
approach are the lack of control over QD spacing and QD
size distribution. The QDs are typically randomly arranged
in the plane of the QD layer, and are of nonuniform size,
leading to nonuniform optical properties of the QD array. If
these problems can be mitigated, vastly improved QD lasers
and a host of QD-based devices can be created.
A fabrication method is proposed to make nanopatterned
GaAs substrates for the regrowth of site-controlled InAs
QDs. Previous work on site-controlled QDs sSCQDsd has
often focused on the regrowth on nanopatterned
substrates.9–14 However, QDs regrown on these patterned
substrates often suffer from lower optical and structural qual-
ity compared to self-assembled QDs due to contamination
and material damage on the substrate at the regrowth inter-
face. Furthermore, the substrates typically must be patterned
using some sort of nanolithography, which is currently too
slow and expensive to allow any foreseeable manufacturable
application of this approach. The approach we propose uses
self-organized nanochannel alumina sNCAd as a template for
the definition of the nanopatterns on the substrate. The use of
NCA for the definition of the nanopattern represents a cost-
effective, parallel, and highly manufacturable approach com-
pared to nanolithography. The pattern is transferred to the
substrate by templated electrochemical etching, masked by
the NCA membrane, in contrast to earlier work on patterning
III-V materials which relied on reactive ion etching to trans-
fer the pattern to the substrate.15–17 Avoiding nanolithogra-
phy in combination with pattern transfer performed by elec-
trochemical etching, so that no high-energy particles or
plasmas are used in the fabrication, this process potentially
could cause much less damage at the regrowth interface
compared to other SCQD approaches. In this letter, SCQDs
are fabricated by this process, and their optical and material
quality is investigated.
In this process, the first step is the growth of single-
crystal aluminum on GaAs. Semi-insulating GaAs pieces
with s100d crystal orientation are used for substrates. Mo-
lecular beam epitaxy sMBEd is used to grow 100 nm thick
n-type s831014 cm−3d GaAs buffer layer, topped with
450 nm of single-crystal aluminum. The single-crystal alu-
minum is grown at room temperature at a growth rate of
0.45 mm/h. The microstructure of the single-crystal alumi-
num is verified by transmission electron microscopy sTEMd
snot shownd. Next, the samples are removed from the MBE
chamber and the aluminum is anodized. The anodization is
carried out in 0.3 M oxalic acid at room temperature at 40 V
in a single anodization step lasting 300 s. The resulting NCA
can be mechanically removed from the substrate and viewed
with a scanning electron microscope sSEMd. Figure 1sad
shows an SEM image of the bottom of the NCA film. As
reported in the literature, we found that anodization of the
aluminum under these conditions resulted in NCA with lat-
eral pore spacing of ,100 nm.18,19
By observing a color change in the sample, we found
that the aluminum is completely anodized after 220–240 s of
anodization.20 Thus, during the remaining 60–80 s anodiza-
tion time the underlying GaAs buffer layer was locally an-
odized. The NCA formed on top of the GaAs acts as a tem-
plate so that anodization of the GaAs can only occur at the
bottoms of the NCA pores. Figure 1sbd shows a SEM image
of the profiled GaAs substrate left after dissolution of anod-
ization products in concentrated HF, viewed from 45° above
horizontal. The nanopores on the profiled GaAs surface have
spacing that is the same as that of the pores in the NCAadElectronic mail: kycheng@uiuc.edu
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template. The anodization of GaAs in oxalic acid appears to
be completely isotropic. Figure 1scd shows a cross section
SEM image of the profiled GaAs, which shows the hemi-
spherical shape of the nanopores.
In order to demonstrate site control of regrown QDs, the
profiled GaAs was regrown with 2.5 monolayer sMLd InAs,
and the resultant uncapped QDs viewed using atomic force
microscopy sAFMd. Before loading the sample for regrowth,
the anodization products are removed using concentrated HF,
ultrasonically cleaned in acetone and isopropyl alcohol, and
finally dipped in HCl and then deionized water. The sample
is then loaded into the MBE system, the native oxide is ther-
mally desorbed, and it is regrown with the InAs. Figure 2
shows an AFM image of the single-layer regrown QDs. Fig-
ure 2sad shows an AFM image s1 mm squared of the sample
topography after regrowth with 2.5 MLs of InAs. The depth
of the nanopores is about 40 nm. Some QDs are visible in-
side the pores. Figure 2sbd shows an amplitude mode image
of the same AFM scan. Comparing both images, it is easier
to find the QDs in Fig. 2sad. The QDs preferentially nucleate
in the nanopores compared to the flat areas of the profiled
GaAs by a ratio of more than 10:1. About 35% of the nan-
opores on this sample contained a QD; few contained more
than one QD.
Next, in order to show the good material quality of the
regrown material, multiple layers of regrown QDs were stud-
ied using TEM. Figure 3 shows a cross-sectional TEM image
of four stacked layers of regrown QDs. The sample consists
of a 2.5 ML InAs QD layer and 150 Å GaAs barrier layer
repeated four times to form the QD layers, topped with an
850 Å thick cap layer. There is no buffer layer; that is, the
first layer in the regrowth step is the first QD layer. The
figure shows that vertically aligned QDs through four QD
layers have been achieved, so that the ordering of the bottom
layer of regrown QDs is transferred to all the other QD lay-
ers. The TEM data suggest that the vertical alignment is due
to a combination of strain coupling between the QD layers,
and site control due to nonplanar barrier layer morphology.
Figure 3 shows how the regrown barrier layers initially take
on the morphology of the profiled GaAs, gradually smooth-
ing out as growth continues.
A separate experiment demonstrated that site control of
QDs can influence QD stacking even in the upper layers. In
this experiment, a NCA-profiled GaAs substrate was
mounted together and grown on at the same time with a plain
epiready semi-insulating GaAs substrate for comparison.
This time, the barrier layers were doubled from 150 Å to
300 Å in thickness, and also a 300 Å buffer layer of GaAs is
added under the first layer of QDs. The increased barrier
layer thickness means strain coupling between the layers of
QDs should be insignificant. Indeed, cross-sectional TEM
snot shownd showed no vertical stacking on the sample
grown on the plain substrate, but showed some stacking in
the sample grown on the profiled GaAs substrate. It is be-
lieved that vertical stacking occurred on the profiled GaAs
due to the added mechanism of site control in the upper QD
layers; this assertion is supported by cross-sectional TEM
images of this sample which show nonplanar regrown barrier
layers similar to those in Fig. 3.
FIG. 1. SEM images of preparation of profiled GaAs substrate: sad Top-
down view of bottom side of NCA film, sbd view from 45° above horizontal
of profiled GaAs after removal of NCA, and scd cross section view of pro-
filed GaAs.
FIG. 2. AFM images of profiled GaAs after regrowth of 2.5 ML InAs.
Images are each 1 mm on a side. sad Standard AFM image showing sample
topography. sbd Amplitude mode AFM image of same area.
FIG. 3. Cross-sectional TEM image of QD heterostructure regrown on pro-
filed GaAs substrate. The heterostructure consists of four periods of s2.5 ML
InAs QDs, and 150 Å GaAs barrier layerd, and capped with 850 Å GaAs.
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Next, to demonstrate the excellent optical quality of the
regrown material, photoluminescence sPLd spectra of the
four-layer regrown QD heterostructures are studied. For
comparison, each profiled GaAs substrate was grown on to-
gether with a plain semi-insulating GaAs substrate for com-
parison. PL spectra were measured from the same sample
shown in Fig. 3, and its companion sample that was grown at
the same time on a plain GaAs substrate. The PL spectra of
the regrown InAs QDs at 77 K and room temperature are
shown in Fig. 4sad for this sample. It is impossible to directly
compare the PL intensity on the plain and profiled substrates
due to different doping in the starting surfaces on the profiled
and plain GaAs substrates. However, the PL linewidth im-
proves from 155 meV on the plain GaAs substrate to
102 meV on the profiled substrate. The mechanism causing
the PL linewidth improvement may be improved size unifor-
mity in the regrown QDs, and is currently under investiga-
tion. Figure 4sbd shows the room-temperature PL spectrum
obtained from the heterostructure on profiled GaAs. The
room-temperature PL for the plain substrate is omitted be-
cause it is very weak.
In summary, preliminary results on a procedure for SC
QDs using regrowth on profiled substrates prepared using
NCA technology are reported. The expected strengths of this
approach are the lack of costly nanolithography steps, and
little contamination and material damage to the patterned
substrates. The technique was implemented in the familiar
InAs-GaAs material system. The TEM data show the excel-
lent structural quality of QDs regrown on profiled GaAs: We
have achieved vertical alignment of QDs in a multilayer
structure, and shown enhanced vertical alignment of QDs
compared to a multilayer QD structure grown on a flat sub-
strate. Strong room-temperature PL from a multilayer QD
structure regrown on a profiled GaAs substrate was achieved,
showing the good optical quality of the multilayer structure
and implying future optoelectronic device applications. Op-
tical measurements of single-layer regrown SCQDs are cur-
rently underway to study the material damage and contami-
nation at the regrowth interface in greater detail. Challenges
also remain in optimizing the GaAs buffer layer regrowth
step and cleaning step to improve the percentage of QDs that
stack successfully in the nanopores, and in improving the
ordering of the nanopores on the profiled GaAs substrates.
However, this approach already shows potential to produce
arrays of high-quality SCQDs for future electronic devices as
well as for QD lasers.
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FIG. 4. PL spectra of QD heterostructure regrown on profiled GaAs from
Fig. 3: sad 77 K PL spectra of QD heterostructure on profiled GaAs sthick
lined and identical structure on plain GaAs substrate sthin lined, and sbd
room-temperature PL of QD heterostructure on profiled GaAs.
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